ABSTRACT Actin is a ubiquitous protein that is a major component of the cytoskeleton, playing an important role in muscle contraction and cell motility. At steady state, actin monomers and filaments (F-actin) coexist, and actin subunits continuously attach and detach at the filament ends. However, the size distribution of actin oligomers in F-actin solution has never been clarified. In this study, we investigated the size distribution of actin oligomers using photon-counting histograms. For this purpose, actin was labeled with a fluorescent dye, and the emitted photons were detected by confocal optics (the detection volume was of femtoliter (fL) order). Photon-counting histograms were analyzed to obtain the number distribution of actin oligomers in the detection area from their brightness, assuming that the brightness of an oligomer was proportional to the number of protomers. We found that the major populations at physiological ionic strength were 1-5mers. For data analysis, we successfully applied the theory of linear and helical aggregations of macromolecules. The model postulates three states of actin, i.e., monomers, linear polymers, and helical polymers. Here we obtained three parameters: the equilibrium constants for polymerization of linear polymers, K l ¼ (5.2 6 1.1) 3 10 6 M À1 , and helical polymers, K h ¼ (1.6 6 0.5) 3 10 7 M
INTRODUCTION
Actin is a ubiquitous protein, whose polymerization-depolymerization dynamics plays an important role in cell motility. At low-salt conditions, actin exists as monomers (G-actin), but polymerizes, forming filaments (F-actin), at physiological ionic conditions, if the concentration of actin monomers exceeds the critical concentration for polymerization (1) . Actin polymerization starts after the polymerization nucleus is formed, and the polymerization rate depends on the total concentration of actin. Until now, actin polymerization has been studied by measuring viscosity (1), by static (2) and dynamic (3) light-scattering of the solution, by monitoring changes in fluorescence intensity of pyrenyl iodoacetamide-labeled actin (2) , and so on. At steady state, actin monomers and filaments coexist, and monomers continue to attach and detach at the ends of filaments. Electron microscopy was used to study the distribution of the lengths of F-actin (4, 5) , to determine the asymmetrical growth rates at both ends of F-actin (6, 7) , and to observe direct coupling of short fragments of F-actin (7, 8) . Fluorescence microscopy observation of F-actin labeled with rhodamine-phalloidin allowed measurement of filament lengths and flexibility (9, 10) . Recently, polymerization dynamics of individual F-actin filaments was visualized by total internal reflection fluorescence microscopy (11) (12) (13) (14) , and large length fluctuations of the filaments provoked speculations that growth may proceed by oligomeric, in addition to monomeric, association-dissociation events (13) . This inspired us to study the size distribution of actin oligomers at physiological ionic conditions.
The length distribution of F-actin polymerized in vitro was initially investigated by electron microscopy (4, 5) and later by fluorescence microscopy (15) . These studies reported the exponential distribution of F-actin particle lengths, supporting the theory of linear and helical aggregates (1, 16) . In this theory, the equilibrium between monomers and linear polymers, and between monomers and helical filaments, is postulated. Nucleation involves the association of three to four monomers into a stable nucleus from which a filament elongates by stochastic association of monomers to the ends of filaments. Filament elongation continues until the equilibrium phase, or steady state, is reached, where the rates of monomer association and dissociation are precisely balanced. In this phase, the stochastic exchange of monomers between filaments of different lengths leads to the redistribution of filament lengths, resulting in exponential distribution of lengths. To check the validity of this theory, the size distribution of small oligomers (1-10mers) has to be determined experimentally; however, it was impossible to do this by conventional methods.
To overcome this obstacle, we measured the size distribution of actin oligomers using the photon-counting histogram (PCH) technique (17) . This method enabled us to determine two parameters for each fluorescent species present, namely, the average number and brightness of the fluorescent particles in the observation volume, which in turn allowed us to distinguish between different species based on the difference in brightness. This method has been successfully applied to confirm protein oligomerization in living cells (18) and interactions between oligonucleotides and polycationic polymers (19) . Recently, PCH analysis was extended to onephoton excitation for confocal spectroscopy (20) (21) (22) . Here we use this PCH analysis to study the number distribution of actin oligomers. For this purpose, Cys-374 of actin was labeled with BODIPY FL-iodoacetamide, since labeling with this dye does not affect the polymerization-depolymerization dynamics of actin, as confirmed in the study described here. In addition, there exists a wavelength range in which the fluorescence intensity does not change upon polymerization, which is a requirement for PCH analysis. Photons emitted from the labeled actin were detected by confocal optics, and PCHs were analyzed to determine the size distribution of actin oligomers. Finally, the data were successfully analyzed by applying the theory of linear and helical aggregation of macromolecules (1, 16) .
MATERIALS AND METHODS

Preparation of fluorescent actin
G-actin was purified from acetone powder of rabbit skeletal muscle according to Spudich and Watt (23) , except that the tropomyosin-troponin complex was removed before the preparation of the acetone powder, as previously described (7). G-actin was solubilized in 2 mM Tris-HCl (pH 8.0), 50 mM CaCl 2 , 0.1 mM ATP, and 2 mM sodium azide. The concentration of unlabeled actin was determined from ultraviolet absorption (V-550, JASCO, Tokyo, Japan), assuming the molar extinction coefficient at 290 nm, 26,600 M À1 cm À1 (24) . Labeling with fluorescent dye was performed by incubating 48 mM F-actin in a solution containing 0.1 M KCl, 2 mM MgCl 2 , 1 mM ATP, 2 mM Tris-HCl (pH 8.0), and 200 mM N-((4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-yl)methyl)iodoacetamide (BODIPY FL C 1 -IA) (D6003, Molecular Probes, Eugene, OR) for 2 h at room temperature. BODIPY FL C 1 -IA dissolved in dimethylformamide (20 mM) was slowly added to actin solution with continuous stirring. The reaction was terminated by adding 5 mM dithiothreitol (DTT), and BODIPY FL-labeled actin was centrifuged at 411,000 3 g for 45 min at 8°C. The pellet was then dissolved in and dialyzed against a solution containing 20 mM MOPS (pH 7.0), 50 mM CaCl 2 , 0.1 mM ATP, 1 mM DTT, and 1 mM sodium azide for 24 h at 2°C. After centrifugation at 411,000 3 g for 20 min at 2°C, free fluorescent dye was removed from the G-actin solution by Sephadex G25 column chromatography. The concentration of BODIPY FL was estimated from the molar extinction coefficient at 505 nm, 49,000 M À1 cm À1 . The concentration of labeled actin was determined by subtracting 0.029 3 A 505 from the A 290 value. The molar ratio of dye to actin in solution was 96-105% throughout the study. Pyrene iodoacetamide-labeled actin (P29, Molecular Probes) was prepared similarly, and the average labeling ratio was 105%.
Fluorescence spectroscopy of pyrene-actin and BODIPY FL-actin
To evaluate the effect of BODIPY FL labeling on polymerization of actin, pyrene-actin and BODIPY FL-actin of various mixing ratios were copolymerized, and the fluorescence intensity of pyrene was measured as follows ( Fig. 1) 2 . The time course of the fluorescence intensity of pyrene was measured at 27°C using a fluorescence spectrometer (F-4500, Hitachi, Tokyo, Japan) with excitation wavelength of 365 nm and emission wavelength of 408 nm.
Next, changes in the fluorescence spectra of BODIPY FL-actin upon polymerization were monitored as follows (Fig. 2) . The polymerization of BODIPY FL-actin (5 mM) in buffer G was initiated by adding 1/20 volume of mixed solution of 2 M KCl and 40 mM MgCl 2 , and fluorescence spectra were measured using the fluorescence spectrometer with excitation wavelength of 488 nm. The scan time of each spectrum was 3 s.
The dependence of the fluorescence intensity of BODIPY FL-actin on the labeling ratio was measured as follows (Fig. 3) . BODIPY FL-actin was mixed with unlabeled actin in buffer G at various ratios such that the proportion of BODIPY FL-actin was 5-100% and the total concentration of actin was kept at 500 nM. Then actin was polymerized by adding 1/20 volume of mixed solution of 2 M KCl and 40 mM MgCl 2 and incubated overnight at room temperature. Fluorescence intensity was measured using the fluorescence spectrometer with excitation wavelength of 488 nm and emission wavelength of 507 nm.
Instrumentation and data analysis of PCH
The photon counting experiments were carried out using an inverted microscope with a 603 water immersion objective (UPlanApo, 603w, NA 1.2, Olympus, Tokyo, Japan). Light from a solid-state laser (488 nm, Sapphire 488-20, Coherent, Tokyo, Japan) was reflected by a dichroic mirror (485DRLP, Omega Optical, Brattleboro, VT), and focused using the objective. The power of the laser was 13 mW at the focal plane. The fluorescence from the sample was collected by the objective, passed through the dichroic mirror, emission filters (D520/40m and S500/22m, Chroma FIGURE 1 Time course of the fluorescence intensity of pyrene-actin copolymerized with various mixing ratios of BODIPY FL-actin. The concentration of pyrene-actin was 0.5 mM, and the concentrations of BODIPY FL-actin were varied from 0 to 4.5 mM. Total concentration was kept at 5 mM by adding unlabeled actin. Polymerization of actin was initiated by the addition of 50 mM KCl and 2 mM MgCl 2 to buffer G at 27°C. The polymerization rates were similar irrespective of the mixing ratios of BODIPY FL-actin, although the fluorescence intensity of pyrene was ;10% higher in 4.5 mM BODIPY FL-actin than in actin not labeled with BODIPY FL.
Technology, Bellows Falls, VT), and a pinhole (diameter, 30 mm) located at the position conjugated to the focal plane. The transmission wavelength of the emission filters was from 502 to 512 nm. The fluorescence that passed through the pinhole was introduced into an optical fiber coupled to an avalanche photodiode (SPCM-AQR-14-PC, PerkinElmer, Wellesley, MA). The output of the avalanche photodiode was put into a counter (C8855, Hamamatsu Photonics, Hamamatsu City, Japan) with a gate time of 100 ms. A photon counting histogram was obtained from the data collected over a period of 100 s. Fitting of the data was performed according to the method of Chen et al. (17) , using the correction for one-photon excitation (20) . The correction parameter, F, for BODIPY FL was determined to be 0.70 6 0.35 (mean 6 SD, n ¼ 16) (20, 22) . The program for the fitting was built with numerical routines according to Press and co-workers (25) by Visual C11 software (Microsoft, Redmond, WA).
PCH measurement
G-actin was diluted to 300 nM, 500 nM, 700 nM, and 1 mM with buffer G and incubated overnight at 0°C. F-actin was prepared by incubating actin at the above concentrations in buffer F (0.1 M KCl, 2 mM MgCl 2 , 20 mM MOPS (pH 7.0), 50 mM CaCl 2 , 1 mM ATP, and 1 mM DTT) overnight at room temperature. A 50-ml portion of each actin solution was placed on a coverslip, and the focal plane of the microscope was adjusted at 30 mm from the glass/solution interface. All PCH measurements were done at 23°C. PCHs of BODIPY FL-actin in buffer G were analyzed as follows.
The PCH for identical but independent particles is determined by two parameters, namely, N, the average number of molecules within the observation volume, and e, the detected photon counts/molecule/sampling time. The probability of detecting k photoelectrons per sampling time is
where V 0 is the reference volume. p ðMÞ ðk; V 0 ; eÞ is the probability of detecting k photon counts from M fluorescent particles, defined as follows:
where v 0 is the beam waist and z 0 is the effective length of the confocal volume, G is the incomplete gamma function, and F is the correction parameter for one-photon excitation (21).
The M-particle PCH p ðMÞ ðk; V 0 ; eÞwas constructed by convolution of multiple single-particle PCHs p ð1Þ ðk; V 0 ; eÞ, as follows:
If n different but independent particles (1, . . ., n) are present, the PCH is obtained by convoluting the PCHs of individual species (17) , as shown in Eq. (5): Pðk; N 1 ; Á Á Á; N n ; e 1 ; Á ÁÁ ; e n Þ ¼ Pðk; N 1 ; e 1 Þ5 Á ÁÁ 5Pðk; N n ; e n Þ:
To fit the data, the histogram of the experimental data was calculated and then normalized to yield the experimental photon counting probability density p(k). Since the probability of detecting k counts of photoelectrons for r times out of M trials (10 6 in our experiments) is given by the binominal distribution function, the expectation value is represented by AErae ¼ Mp(k), and the standard deviation by
1/2 . To obtain the best-fit parameters of N i and e i (1 # i # n), the theoretical density function was calculated for all the combinations of these parameters, and the combination of parameters N i and e i that minimizes the following x 2 function (17) was adopted as the best fit.
To analyze the number distribution of oligomers in buffer G, we assumed the number of species of actin oligomers, n, in buffer G to be distributed between 1 and 5 and fitted the data with the theoretical density functions P(k; N, e), P(k; N 1 , N 2 , e 1 , e 2 ), ÁÁÁ, P(k; N 1 , ÁÁÁ N 5 , e 1 , ÁÁÁ e 5 ) by changing N i FIGURE 3 Fluorescence intensity versus a mixing ratio of BODIPY FLactin. Actin containing various ratios of BODIPY FL-actin was polymerized in buffer F overnight at room temperature. Fluorescence intensity of F-actin solution was proportional to the labeling ratio of BODIPY FL-actin. The data were fit by a straight line. and e i as parameters. Then we determined n so as to minimize the x 2 function (Eq. 6). Similar analyses were performed assuming that the number of species of actin oligomers in buffer F is distributed between 1 and 9.
We determined the number of protomers in each oligomer from the brightness, e i , assuming that the brightness of i-mers was i times that of the monomer. The number distribution of actin oligomers was obtained from N i , the average number of oligomers within the observation volume. Finally, we calculated the proportion of the oligomers in total number concentration.
RESULTS
Polymerizability of BODIPY FL-actin
Labeling of Cys-374 with rhodamine-maleimide was reported to decrease the elongation rate of actin (11) . To study the size distribution of F-actin by PCH, actin must be labeled with a fluorescent dye that does not affect the polymerizationdepolymerization dynamics. We found that BODIPY FL iodoacetamide fulfilled this requirement. The polymerization of actin containing various ratios of BODIPY FL-labeled actin was initiated by the addition of 50 mM KCl and 2 mM MgCl 2 . Pyrene-labeled actin (0.5 mM) was also included to monitor the polymerization process by changes in its fluorescence intensity (2) . The total concentration of actin was kept at 5 mM, because the time course of polymerization depends on actin concentration. As shown in Fig. 1 , though the fluorescence intensity of pyrene in the presence of 90% BODIPY FL-labeled actin was ;10% higher than that of unlabeled actin, the polymerization rates were similar irrespective of the mixing ratio of BODIPY FL-actin. These results indicate that the labeling of actin by BODIPY FL does not affect its polymerizability.
Fluorescence spectrum of BODIPY FL-actin before and after the polymerization
To obtain information about the size of actin oligomers by PCH, the fluorescence intensity of BODIPY FL must be constant irrespective of whether actin is monomeric or filamentous, because the number of protomers in each oligomer is determined by assuming that its brightness is proportional to the number of protomers. The changes in the fluorescence spectra during polymerization of 100% labeled BODIPY FLactin are shown in Fig. 2 . The wavelength of the peak was red-shifted and the peak intensity increased by ;50% upon polymerization. However, the fluorescence intensity of BODIPY FL-actin between 500 and 510 nm hardly changed upon polymerization. Therefore, we looked for commercially available optical filters that transmitted in this range, and found that the combination of bandpass filters D520/40m and S500/22m gave suitable transmission in the 502-512 nm range. The change in the fluorescence intensity upon polymerization of BODIPY FL-actin in this range was ,11%.
Fluorescence intensity of BODIPY FL-actin was proportional to labeling ratio
When two fluorescent molecules come very close to each other, quenching of fluorescence sometimes occurs. There remains concern that Cys-374 residues of the adjacent actin protomers are close enough to quench each other. If this were the case, it would be impossible to determine the size distribution of oligomers using PCH. To exclude this possibility, we examined the dependence of the fluorescence intensity of BODIPY FL-actin on the labeling ratio. In principle, the lower the labeling ratio, the longer the average distance between fluorescent molecules, so that lowering the labeling ratio should reduce the effect of quenching. If there are quenching effects, the fluorescence intensity must be saturated at a higher labeling ratio rather than being proportional to the labeling ratio. As shown in Fig. 3 , we found that the fluorescence intensity was proportional to the labeling ratio of BODIPY FL-actin up to 100%, indicating that no quenching of BODIPY FL occurred in the PCH experiments.
PCHs of BODIPY FL-actin
When a BODIPY-FL actin species passed through the confocal volume of femtoliter order, bursts of photons were observed. Fig. 4 shows the typical time courses of photon counts from BODIPY FL-actin in buffer G (Fig. 4 A) and in buffer F (Fig. 4 B) . The number of photons was counted every 100 ms, and one million data points were collected.
Typical PCHs of BODIPY FL-actin in buffer G are shown in Fig. 5 , A-D. Briefly, they were analyzed as follows (see Materials and Methods for details). The PCHs were normalized to obtain the photon counting probability density, p(k). We assumed that the number of species of actin oligomers, n, in buffer G was distributed between 1 and 5 and fitted the data with the theoretical density functions P(k; N, e), P(k; N 1 , N 2 , e 1 , e 2 ), ÁÁÁ, P(k; N 1 , ÁÁÁ N 5 , e 1 , ÁÁÁ e 5 ) by changing N i and e i as parameters. Then we determined n so as to minimize the x 2 function (Eq. 6). Fig. 5 E shows the histogram of n obtained by 15 independent experiments at four different concentrations. The number of species of actin oligomers, n, was similar irrespective of the total actin concentration. About 90% of PCHs were fitted by the single component (n ¼ 1) analysis and the remaining 10% were fitted by two components (n ¼ 2). The reduced x 2 function thus obtained was 1.1 6 0.3 (mean 6 SD). Next, we calculated the total number of protomers in each oligomer (see Fig. 7 ). The PCH analysis indicated that .99.5% of fluorescent actin in buffer G emitted photons at a similar rate ((5.1 6 0.6) 3 10 3 counts/s; mean 6 SD, n ¼ 60), suggesting that it was from monomeric BODIPY FL-actin. The content of oligomers (4-6mers) detected as the second component in Fig. 5 was ,0.5%.
Next, we analyzed PCHs of BODIPY FL-actin in buffer F. Typical PCHs of BODIPY FL-actin in buffer F are shown in Fig. 6 , A-D. We assumed that the number of species of actin oligomers, n, in buffer F was distributed from 1 to 9 and fitted the data as described above. Fig. 6 E shows the histogram of n obtained by 60 independent experiments at four different actin concentrations. The components larger than 100mers (;2%) were excluded from the analyses, because the length of such oligomers was greater than the width of the confocal volume. The components of less than one-half of the monomer brightness were also excluded from the analysis (the average brightness of such species was 1/7 of the monomer brightness). The number of species that minimized the x 2 function was distributed between 2 and 8. The reduced x 2 function thus obtained was 2.8 6 2.0 (mean 6 SD). Next, we calculated the total number of protomers in each oligomer assuming that the brightness of the monomer was 5.1 3 10 3 counts/s and that the brightness of an oligomer was proportional to the number of protomers. This assumption was justified by the observation that the major population in the brightness distribution of G-actin was at 5.1 3 10 3 counts/s and the histogram of brightness obtained by the PCH measurements in buffer F had peaks, or clusters, every 5 3 10 3 counts/s, namely, at (5.6 6 1.2) 3 10 3 counts/s, (9.8 6 1.4) 3 10 3 counts/s, and (15.3 6 1.5) 3 10 3 counts/s, corresponding to the brightness of a monomer, a dimer, and a trimer, respectively (see Supplementary Material) .
Although the dimers, trimers, and oligomers were hardly detected in buffer G, they clearly existed in buffer F, as shown in Fig. 7 . The major components of oligomers in buffer F were 1-5mers, and their total content was .94%. It should be noted that the distribution of oligomers could be classified into two populations having two different slopes for the relationship between the number concentration of i-mers and the value of i (Fig. 7) . One class was 1-5mers and the other was 6-100mers. The two straight lines are crossed at around 6mer. The proportion of each oligomer larger than 6mer was ,1%. The number concentrations of both populations were fitted by exponential functions with different parameters of A and B as follows:
The obtained parameters of A and B are given in Table 1 . The value of B is larger for 1-5mers than for 6-100mers, implying that the equilibrium constant of monomer and oligomer is lower for 1-5mers than for 6-100mers. Based on the above analyses, we determined the number of actin monomers in both buffer G and buffer F in the confocal volume. As shown in Fig. 8 , the number of actin monomers in buffer G linearly depends on actin concentration, whereas in buffer F it remains almost constant. It is to be noted, however, that the linear fit for the data in buffer G does not pass through the origin, which, at first glance, seems to indicate that the average number of monomers in the confocal volume was not exactly proportional to the total actin concentration. This result contradicts the observation that .99% of actin molecules were monomers in buffer G (Figs. 5 and 7) . One plausible interpretation of this apparent discrepancy is that some part of actin molecules were adsorbed to the surface of a coverslip and the interface with air, so that the actual actin concentration was decreased by a fixed value proportional to the adsorption area. Based on this consideration, we set the cross-point of the linear fit with the abscissa as the true origin, implying that ;100 nM actin was adsorbed to the interface area of 50 ml of the actin solution used in the experiments. A rough estimation shows that the closely packed adsorption of actin molecules to the interface area is on the order of 10 À11 -10 À12 moles, which just corresponds to the loss of ;100 nM actin (¼ (10
À11
-10 À12 moles)/50 ml). On the other hand, the average number of monomers in the confocal volume in buffer F was 1.3 6 0.4, irrespective of the total actin concentration. We consider that actin is adsorbed on the interface in buffer F in the same way, so that the newly determined origin is common for both conditions. Thus, the critical concentration for polymerization of actin in buffer F was determined to be 55 nM from the abscissa of the cross-point of the solid lines for buffer G and buffer F (Fig. 8) .
DISCUSSION PCH analysis to determine the size distribution of oligomers
So far, PCH analysis has been used to study the oligomerization of receptors in living cells (18) . We have extended PCH analysis to probe much larger oligomers, i.e., actin polymers having an exponential length distribution at physiological ionic strength (buffer F). The analyses of PCH data showed that the oligomeric phase in steady state is predominantly composed of linear 1-5mers (Fig. 7) . Because the proportion of oligomers larger than 6mers was ,1%, the accumulation of a large amount of data had to be performed to confirm the exponential distribution of the number concentrations of longer oligomers. The obtained result is consistent with those of previous EM studies (4, 5) . The only difference from earlier EM results (4) is that our data show an eighttimes-faster decrease in the number population from 6 to 100mers, which may be attributable to the differences in experimental conditions, such as protein concentration and solvent composition.
As observed in Fig. 7 , the distribution of oligomers in buffer F has two markedly distinct regions, corresponding to 1-5mers and 6-100mers (cf. Table 1 ). The equilibrium constants of the monomer binding estimated from the slopes indicate that the constant of binding to 1-5mers is smaller than the constant of binding to 6-100mers. The most plausible interpretation is that the former corresponds to the monomer binding to linear oligomers, K l , whereas the latter corresponds to binding to helical oligomers, K h (for detailed analysis, see below). The crossing point of the two lines in the panels on the right in Fig. 7 suggests that the transition from linear to helical oligomers occurs at 5-7mers.
Analysis of PCH data by the theory of linear and helical aggregations of macromolecules
The PCH data obtained here were analyzed by the theory of Oosawa and Asakura, which postulates the equilibrium between monomers, linear polymers, and helical polymers, as shown in Fig. 9 A (1) . The number concentrations of linear i-mers are denoted as c il , which is given as follows:
where K l is the equilibrium constant of monomer binding to a linear polymer, which is assumed to be independent of the degree of polymerization. The deformation of a linear polymer, leading to the creation of additional bonds, results in the formation of a helical polymer. Here we assume that the helical trimer is a nucleus for polymerization. Denoting the number concentration of helical i-mers as c ih ,
and
where g is the concentration ratio of a helical to a linear trimer, and K h is the equilibrium constant of monomer binding to the ends of the helical polymer. g can be expressed by using the free energy DF necessary for the deformation of a linear trimer to produce a helical polymer as follows:
where k B is the Boltzmann constant and T is absolute temperature. The values of c ih were obtained by logarithmic fitting of c i in the panels on the right in Fig. 7 for 10 # i , 100 and extrapolating to 3 # i , 10. Accordingly, the values of c il were obtained from c il ¼ c i (for i ¼ 1, 2) and c il ¼ c i À c ih (for 3 # i , 10). Then, the values of K l , g, and K h were obtained from Eqs. 8-10, respectively. As a result, these three parameters were determined to be K l ¼ (5.2 6 1.1) 3 10 6 M À1 , K h ¼ (1.6 6 0.5) 3 10 7 M À1 , and g ¼ (3.6 6 2.3) 3 10 À2 . A monomer attaches to two protomers at each end of a helical oligomer and to a single protomer in a linear oligomer, which results in the larger value of K h compared to K l . The critical concentration for polymerization was found to be K À1 h ¼ 62 nM, consistent with the value obtained from Fig. 8 (55 nM) . The excess free energy of transforming a FIGURE 8 The average number of actin monomers within a confocal volume in buffer G (solid circles) and buffer F (open circles) as a function of total actin concentration. In buffer G, the number of monomers was proportional to the total actin concentration (thin line), but the fit did not pass through the origin. On the other hand, in buffer F, the number of monomers was almost constant. The critical concentration for polymerization was determined from the cross-point between the two lines (for details, see text). Error bars represent the standard deviation. Size Distribution of Actin Oligomerslinear to a helical trimer, DF, was calculated to be 2.0 kcal/ mol from Eq. 11. Fig. 9 shows the existence ratio of linear and helical oligomers in 1-15mers determined from Eqs. 8-10 using the obtained values of the three parameters. These analyses suggest that 1), the oligomeric phase at steady state is predominantly composed of linear 1-5mers; 2), the transition from linear to helical oligomers occurs in 5-7mers (Fig. 9) ; and 3), most of the oligomers larger than 10mers are helical. In the analyses given above, we assumed that the helical trimer is a nucleus for polymerization. The analyses based on the assumption that the nucleus is the helical tetramer yielded a value of g equal to (1.3 6 1.1) 3 10 À1 (DF ¼ 1.2 kcal/mol), whereas values of K l and K h remained unchanged, and the linear/helical existence ratio thus obtained was almost indistinguishable from that shown in Fig. 9 B. Therefore, from the present analyses, we cannot unambiguously deduce which oligomer serves as the polymerization nucleus. However, the trimer would be more probable due to the lower value of g, which is the prerequisite for the condensation process of polymerization to helical assemblies such as actin filaments.
The most dominant species in the number distribution in F-actin solution is a monomer. Therefore, the most probable unit involved in polymerization events should be a monomer; however, the linear and helical oligomers identified in this study will also contribute to the polymerization dynamics of actin. In fact, our previous study indicated that the average size of a unit involved in the elementary process of polymerization-depolymerization dynamics is 5-6mers (13) . Although structural studies on linear oligomers are necessary, future studies must also address the role of linear oligomers in polymerization dynamics.
CONCLUSIONS
The number distribution of actin oligomers in filamentous actin solution at physiological ionic conditions was determined using the PCH technique. The results confirm that the PCH is powerful enough to resolve the oligomeric state of fluorescently labeled actin. The experimental data were analyzed in terms of a theoretical model that assumes the equilibrium between monomers, linear and helical polymers of actin. This is the first report experimentally showing the existence of linear polymers in actin solution and indicating that the oligomeric phase at steady state is predominantly composed of linear 1-5mers. The transition from linear to helical polymers occurs on the level of 5-7mers.
